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Background and purpose: To estimate target and cardiac doses from breast cancer radiotherapy in Denmark and in the Stockholm and Umeå areas of Sweden during 1977-2001. Methods: Representative samples of irradiated women were identified from the databases of the Danish Breast Cancer Cooperative Group and the Swedish Nationwide Cancer Registry. Virtual simulation, computed tomography planning and manual planning were used to reconstruct radiotherapy regimens on a typical woman. Estimates of target dose and various measures of cardiac dose were derived from individual radiotherapy charts. Results: Doses were estimated in 681 Danish and 130 Swedish women. Mean heart dose for individual women varied from 1.6 to 14.9 Gray in Denmark and from 1.2 to 22.1 Gray in Sweden. In Denmark, mean target doses averaged across women increased from 40.6 to 53.8 Gray during 1977-2001 but, despite this, mean heart dose averaged across women remained around 6 Gy for left-sided and 2-3 Gray for right-sided radiotherapy. In Sweden mean target dose averaged across women increased from 38.7 to 46.6 Gray during 1977-2001, while mean heart dose averaged across women decreased from 12.0 to 7.3 Gray for left-sided and from 3.6 to 3.2 Gray for right-sided radiotherapy. Temporal trends for mean biologically effective dose [BED] to the heart, mean dose to the left anterior descending coronary artery, the right coronary artery and the circumflex coronary artery were broadly similar. Conclusions: Cardiac doses in Denmark were low relative to those in Sweden. In both countries, target dose increased during . Despite this, cardiac doses remained constant in Denmark and decreased in Sweden.
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Radiotherapy for early breast cancer reduces the risk of local recurrence and can reduce the risk of death from breast cancer. However, treatment usually involves some unwanted irradiation of the heart and this may result in an increased risk of heart disease. The most recent overview of the long-term follow-up of data from the randomised trials of radiotherapy for early breast cancer found that there was a highly significant 27% increase in relative risk of mortality from heart disease in women randomised to radiotherapy [1] . Cardiac radiation doses are usually higher in left-sided than in right-sided breast cancer and observational studies following women in the general population after a diagnosis of breast cancer have also found higher cardiac mortality in women with left-sided cancers compared with women with right-sided cancers [2, 3] .
Radiotherapy techniques have changed over the past few decades enabling improved dose distributions to be delivered to target tissues. However, current radiotherapy regimens still deliver some dose to cardiac structures [4, 5] . In some women with left-sided breast cancer the target tissue coverage is currently being compromised due to the limits that have been set on cardiac dose, and it is not known whether such limits have at present been set at the most appropriate levels. For other women, the cardiac dose is lower and does not limit the dose to the target tissue, but it is not at present known whether such women will in the future incur any increase in cardiac risk. Appropriate levels for constraints during radiotherapy planning and also reliable estimation of the future 0167-8140 Ó 2011 Elsevier Ireland Ltd. doi:10.1016/j.radonc.2011.01.020 risk of radiation-induced heart disease for individual women both require accurate estimates of the dose-response relationship for radiation-induced heart disease. As part of a programme of work to derive such relationships, detailed dosimetry based on the original radiotherapy charts has been carried out to estimate individual heart and coronary artery doses and also target doses for a large number of women who were irradiated in Denmark during the period 1977-2001. The present paper describes the method used to estimate these doses.
The first uniform nationwide protocol for breast cancer radiotherapy in Denmark was issued in 1977 [6] . This protocol was revised in 1982, in 1989 and again in 1999. The present paper, therefore, presents target and cardiac doses for a representative sample of women who were irradiated in Denmark for breast cancer in the periods covered by these protocols. As part of the same research programme, cardiac doses have also been estimated using similar methodology for a large number of women who were irradiated in the Stockholm and Umeå areas of Sweden [7] and the present paper also presents doses for a representative sample of women irradiated in this area of Sweden during the same time periods.
Methods

Selection of women
The database of the Danish Breast Cancer Cooperative Group (DBCG) [8] was used to identify all women irradiated for breast cancer in Denmark during 1977-2001 at ages <75 years. Within this population, women developing or dying from ischaemic heart disease were identified from the Danish hospital inpatient and outpatient registers and from death certificates. For each of the women with heart disease (i.e., each 'case' woman), 2 control women were selected. Doses were reconstructed for all the cases and for all the controls using the method described below.
A total of 681 women were selected as controls and this paper presents the estimated doses for these 681 women. The method used to select these control women was as follows. For each case, all the women in the study population were identified who had been diagnosed with breast cancer during the same 5-year calendar period as the case, who were in the same 5-year age group as the case, and who had not developed heart disease by the time the case woman had developed heart disease (or had died, for cases who were identified from death certificates). From the pool of eligible controls for each case, two were selected at random. The selection was with replacement, so that some women were chosen as controls for more than one case, which accounts for the fact that the total number of women selected as controls is not precisely equal to twice the number of case women. A consequence of this method of selection is that within each calendar period, the women selected as controls had an age distribution reflecting that of the women who subsequently developed heart disease, rather than that of the population of irradiated breast cancer patients. To examine the consequence of this, average mean heart doses were calculated separately for women aged 20-49, 50-59, 60-69 & 70-79 at breast cancer diagnosis for left-sided and right-sided cancers for calendar periods 1977-1981, 1982-1988 & 1989-2001 . Values for the different age groups were similar, with no suggestion of any trend. We, therefore, conclude that, for each calendar period, the estimated doses are representative of the doses delivered to the entire population of irradiated breast cancer patients in Denmark.
The method of selection of the 130 Swedish women presented in this paper was similar to that used for the 681 Danish women. The method used to reconstruct the doses of the Swedish women has been described elsewhere [7] .
Categorisation of radiotherapy charts
Each woman's radiotherapy chart, including a photograph of the treatment fields and a dose-plan (if available) was copied. In the rare cases (less than 1% of women) where the chart was not available, information on the regimen used was sought from the woman's medical notes. The charts were used to extract details on regimens used to irradiate the breast, chest wall and internal mammary chain for each woman. Details of regimens used to irradiate only the supraclavicular fossa or axilla were not obtained since their contribution to heart dose is usually an order of magnitude lower than from breast, chest wall and internal mammary chain radiotherapy [9] . Each woman's radiotherapy chart was categorised according to the regimen she received. This included details of radiotherapy technique(s) used, laterality, target dose(s) and fraction size(s) and whether she received either supraclavicular fossa or axillary irradiation.
Set-up of typical radiotherapy regimens
Each radiotherapy regimen was reconstructed using a technique based on virtual simulation and computed tomography (CT) based 3-dimensional treatment planning. All the regimens were reconstructed on the CT planning scan of a typical patient of average build who had been selected from the radiotherapy planning database of a UK radiotherapy department. The heart and coronary arteries were contoured. The cranial limit of the heart included the right atrium and excluded the pulmonary trunk, ascending aorta and superior vena cava. The lowest contour of the heart was the caudal myocardial border. The heart contour included heart muscle and circulating blood volume; it did not include the pericardium. The left main coronary artery arises from the aorta and branches into the left anterior descending (LAD) and circumflex coronary arteries. Due to its short length, its contour was included with that of the LAD coronary artery. The circumflex coronary artery was contoured from the branch point of the left main coronary artery. The right coronary artery was contoured from its origin at the aorta.
Beam modalities employed were 6 MV, cobalt-60 and 10 MeV electrons. Dose calculations for 100 and 250 keV fields were carried out using manual planning. The algorithms used for the dose calculations were the pencil beam [10, 11] and the collapsed cone superposition convolution algorithms [12, 13] . The former was used for all regimens and the latter for a selection of regimens that involved regions of substantial tissue inhomogeneity. Agreement between algorithms was within 2% of dose for all regimens.
Dose calculations
For each regimen, dose-volume histograms (DVHs) were generated for the heart and for each of the three main coronary arteries. These were used to estimate mean dose and biologically effective dose (BED) to each cardiac structure using the linear quadratic model: BED = [nd(1 + d/(a/b)] where n is number of fractions and d is dose per fraction in Gray (Gy). An alpha-beta ratio of 2 Gy was used as previously described [7] . Other measures of dose, such as maximum dose to each structure were estimated but not presented since they are likely to vary substantially from patient to patient.
Left-sided supraclavicular fossa and/or axillary irradiation has previously been estimated to deliver around 0.5 Gy mean dose to the heart and to each of the three main coronary arteries [9] . Therefore, for women who received left-supraclavicular fossa or axillary radiotherapy, 0.5 Gy dose was added to the mean heart and coronary artery doses calculated from irradiation of the other targets. Right-sided supraclavicular fossa and axillary fields are further from the heart and would be expected to deliver lower doses to cardiac structures. Therefore, adjustments were not carried out for women treated with right-supraclavicular fossa or axillary radiotherapy. BEDs to the heart and coronary arteries depend on dose and dose per fraction. Therefore, it was not possible to adjust cardiac BEDs for the use of supraclavicular fossa or axillary radiotherapy.
The approximate target dose(s) for each woman were calculated according to the same definition in both Denmark and Sweden, in order to allow comparison between countries. They were derived by calculating the dose at the centre of the breast or chest wall for tangential irradiation, at the approximate depth of the tumour bed for direct orthovoltage chest wall fields and at the approximate depth of the internal mammary chain for orthovoltage internal mammary fields. For other direct or oblique chest wall or internal mammary fields, target dose was assumed to be 90% of the given dose. For the 6 MV lateral thorax (and supraclavicular fossa) field, target dose was assumed to be 100% of the given dose. For further details of target dose calculation from Swedish regimens, see Taylor et al. [7] .
Average cardiac doses during different time periods were estimated as follows. Mean heart dose was calculated for each of the 681 women evaluated. The women were then divided according to time period of irradiation: 1977-1981, 1982-1988 or 1989-2001 . The average of the mean heart doses was calculated for each period. This was repeated for doses to the coronary arteries. Average target dose was estimated in the same way, taking account of all of the anatomical regions irradiated. Table 1 and Fig. 1 .
Results
Breast cancer radiotherapy regimens
Information on Swedish breast cancer regimens used during this time period can be found in Taylor et al. 2009 [7] .
Heart dose from Danish breast cancer regimens
From 1977 until 1988 most women irradiated for breast cancer received an electron field to the chest wall +/À the internal mammary chain (Fig. 1a and e, Table 1 ). Most women also received megavoltage irradiation of the lateral thorax and supraclavicular fossa (Fig. 1a and e, Table 1 ). The energy of the direct or oblique electron fields depended on each woman's soft-tissue thickness. The greater the soft-tissue thickness, the greater the energy of electrons used. These regimens usually delivered estimated mean heart dose of around 3-5 Gy (BED $4-6 Gy 2 ) for left-sided and around 2-3 Gy (BED $2-4 Gy 2 ) for right-sided radiotherapy (Table 1) . Some women in the study received bolus to the chest wall field, others were treated without bolus. The difference that 1 cm bolus made to estimated mean heart dose was 1 Gy for leftsided irradiation, and less than this for right-sided irradiation. A small volume of the heart anteriorly received between 20 Gy and 50 Gy. Most of the heart volume received less than 10 Gy due to the rapid decrease in dose from the electron fields. The megavoltage field used to irradiate the lateral part of the thorax was distant from the heart and contributed only 0.8 Gy estimated mean heart dose for left-sided and 0.6 Gy for right-sided radiotherapy (data not shown).
In some parts of Denmark there was no access to megavoltage or electron treatment in the 1970s and early 1980s. Instead, tangential orthovoltage irradiation of the chest wall and internal mammary chain was used (McWhirter technique) (Fig. 1c) [14] . This delivered mean estimated doses of 14 Gy (BED = 25 Gy 2 ) to the heart for left-sided and 9 Gy (BED = 13 Gy 2 ) for right-sided radiotherapy (Table 1) . These high heart doses are partly explained by lateral scatter and partly by the depth-dose characteristics of an orthovoltage beam. During the period 1989-2001, an increasing number of women received breast-conserving surgery with postoperative megavoltage tangential irradiation of the conserved breast (Fig. 1f) . Most women also received a boost to the tumour bed with electrons (Fig. 1g) or with tangential beams (Fig. 1h) if the tumour was deep-seated. Standard tangential irradiation of the whole breast or chest wall (Fig. 1f) +/À boost radiotherapy usually resulted in estimated mean heart doses of around 6 Gy (BED $10 Gy 2 ) for left-sided and 2 Gy (BED $2 Gy 2 ) for right-sided radiotherapy (Table 1) .
Coronary artery doses from Danish breast cancer regimens
Dose to the LAD coronary artery was greater for left-sided than for right-sided regimens due to its anatomical position close to the left breast and left internal mammary chain. The artery tended to receive the highest radiation doses of more than 20 Gy estimated mean dose (BED $40-60 Gy 2 ) and around 50 Gy estimated maximum dose (data not shown) from left-tangential radiotherapy (Figs. 1b,c ,f, Table 1 ) since parts of the artery were close to, or included in, the radiation fields. LAD coronary artery dose from left electron radiotherapy was around 9-18 Gy (BED $15-35 Gy 2 ), with maximum doses of between 44 and 52 Gy (data not shown). There is likely to be considerable interpatient variability in maximum dose to the LAD coronary artery since it is usually close to the edge of the fields.
The right coronary artery is located anteriorly, slightly to the right of midline and it received the highest doses from right-sided regimens. The circumflex coronary artery is located posteriorly, distant from the breast and internal mammary chain and for most regimens it received lower dose than the heart or the other two coronary arteries.
Heart and coronary artery doses for Danish women
Estimated heart dose for the 681 Danish women varied from 1.6 to 14.9 Gy mean dose ( Fig. 2a) and from 1.9 to 25.3 Gy 2 mean BED. Regimens were reconstructed on a representative patient with typical anatomy. a Women were grouped according to the years that breast cancer protocols changed in Denmark to enable comparison with Danish women in Table 2 . b The biologically effective dose (BED) takes into account the fraction size as well as dose and is given by BED = [nd(1 + d/(a/b)] where n is number of fractions and d is dose per fraction in Gy. a/b was assumed to be 2 Gray. It was possible to calculate BEDs for women who received computer planned technique combinations or a single manually planned technique (91% of the women studied). It was not possible to calculate BED for the other women who received two techniques, one of which was manually planned (9% of the women studied Estimated coronary artery mean doses in these women varied from 0.4 to 42.8 Gy for the LAD coronary artery (Fig. 2b) , from 1.8 to 19.4 Gy for the right coronary artery and from 0.1 to 6.8 Gy for the circumflex coronary artery.
Trends in cardiac dose in Denmark and Sweden 1977-2001
Heart doses in Denmark have been consistently low over the past few decades due to the widespread use of techniques that spare the heart, namely electron irradiation of the chest wall and internal mammary chain [15, 16] , and tangential irradiation with the medial border on midline. The estimated average mean heart dose remained fairly constant between 1977 and 2001 at around 5-6 Gray for left-sided and 2-3 Gray for right-sided irradiation ( Table 2) .
There was a slight increase in LAD coronary artery dose from left-sided radiotherapy from 16. (Table 2) .
In Sweden, mean heart dose for individual women varied from 1.2 to 22.1 Gray, and the estimated average mean heart dose in 1977-1981 was 12.0 Gy for left-sided radiotherapy and 3.6 Gy for right-sided radiotherapy (Table 3) . These doses fell to 7.3 Gy and 3.2 Gy in 1989-2001 for left-sided and right-sided radiotherapy, respectively. Similar dose reductions were seen in doses to each of the three coronary arteries for left-sided irradiation. There was little change in doses to the LAD, right and circumflex coronary arteries from right-sided irradiation during this time period.
Discussion
The present study has estimated doses to the heart and coronary arteries from breast cancer radiotherapy regimens used in Denmark between 1977 and 2001. Twenty-two different breast cancer radiotherapy regimens were commonly used and these resulted in radiation doses of between 1.7 and 14 Gy to the heart and 0.5 and 43 Gy to the coronary arteries. Women irradiated for leftsided breast cancer generally received higher doses than those irradiated for right-sided cancer.
Trends in cardiac dose in Denmark and Sweden 1977-2001
Over the past few decades, indications for breast cancer radiotherapy, the radiotherapy techniques used and beam energies available have changed substantially throughout the world. Surgical techniques have also evolved, with the increasing use of breast conserving surgery since the 1980s. In many countries, these changes have resulted in reductions in dose to the heart [4, 7, 17, 18] . The risk of radiation-induced heart disease in breast cancer survivors is known to be related to radiation dose [19] [20] [21] [22] . This risk is, therefore, likely to have reduced in countries such as Sweden where cardiac doses reduced substantially between 1977 and 2001, but to have stayed fairly constant in Denmark where there was little trend in the magnitude of cardiac doses.
Since the year 2001 doses to all cardiac structures from tangential radiotherapy in Denmark are likely to have reduced due to the increasing use of CT planned radiotherapy [14, 16] . CT based treatment planning provides detailed information about coverage of the target(s), dose homogeneity and doses to organs at risk. It has been found to improve the dose distribution in the target(s) and to reduce mean heart dose from around 4.5 Gy with standard left-tangential irradiation to 3.0 Gy with CT-based conformal lefttangential irradiation [23] .
Strengths and limitations of the study
Information on typical cardiac and target doses was derived by studying the radiotherapy charts of women irradiated for breast cancer. Cardiac doses based on individual radiotherapy regimens were available for all Danish women and for 99% of Swedish women and our sample contained more than 600 women in Denmark and more than 100 women in Sweden irradiated between 1977 and 2001. These women are likely to be representative of the general irradiated breast cancer populations in Denmark and Sweden.
Since 1977, radiotherapy in all regions of Denmark has been delivered according to the DBCG protocols. Information concerning the different treatment regimens for this study was obtained both from the DBCG protocols and from the radiotherapy charts or oncology notes of 681 Danish women. These two sources provided detailed and consistent information. For most Danish radiotherapy techniques, there was little geographical or interpatient variation in parameters such as field borders or patient treatment position. Therefore, reconstruction of regimens on our typical patient is likely to be representative of reconstruction in previous decades. However, for boost radiotherapy, the DBCG protocols indicated that the field should encompass the surgical scar with a 3 cm margin [14] . The radiotherapy charts revealed substantial variability in boost field size and position. Estimated cardiac doses from boost radiotherapy are, therefore, subject to a higher degree of variability than doses from other techniques. However, heart dose from boost irradiation was always low relative to other techniques because of the low given dose of 6-20 Gy.
The women included in the study were not CT-planned, therefore, their heart doses needed to be calculated retrospectively. Retrospective dosimetry is subject to several sources of variability. The cardiac doses received by an individual woman are likely to vary according to her anatomical characteristics and according to the circumstances of her radiotherapy, such as her treatment position and the linear accelerator used. Most of these sources of variability would apply to any retrospective dosimetry method. They are described and quantified by Taylor et al. [9] . The most important source of dose variability was found to be the effect of differing patient anatomy. Nevertheless differences in heart dose are usually likely to be greater for different regimens than for different women [9] . Electron beam energy was usually chosen according to the thickness of soft tissue for the Danish women in this study. Beam energies varied from 4 to 22 MeV for breast or chest wall radiotherapy and from 9 to 18 MeV for internal mammary radiotherapy. The internal mammary chain and chest wall electron regimens reconstructed on our typical patient were 10 MeV, based on her soft tissue thickness. Tailoring of electron energy in individual women in the study is likely to have reduced the effect of differing patient anatomy on cardiac doses since higher energy beams were used for patients with thicker soft tissue.
Variation in cardiac doses for Danish women
The current study has estimated cardiac doses for women irradiated in Denmark between 1977 and 2001. For individual women in the study, there was a wide range of cardiac doses of between 1.6 and 14.9 Gy mean heart dose and between 0.1 and 42.8 Gy mean coronary artery dose. These dose variations occurred firstly because women irradiated for left-sided cancers usually received higher cardiac doses than those irradiated for right-sided cancers. Secondly, although most Danish women received around 5 Gy mean heart dose for left-sided and 2 Gy for right-sided radiotherapy (Fig. 2) , at least some women in each decade received regimens that delivered higher heart doses. For example, in this study some women in the 1970s and 80s received McWhirter radiotherapy, which delivered around 14 Gy for left-sided and 9 Gy for right-sided radiotherapy, and some women in the 1990s received wide tangential pair and electron boost irradiation, which delivered around 10 Gy and 3 Gy for left-and right-sided radiotherapy, respectively.
However, the majority of women in each decade received electron radiotherapy or standard tangential pair radiotherapy, which delivered lower heart doses of around 4-6 Gy for left-sided and 2 Gy for right-sided radiotherapy. Therefore, there was little variation in cardiac doses received by the irradiated breast cancer population as a whole from decade to decade. This suggests that we may expect little variation in the risk of radiation-induced heart disease from decade to decade between 1977 and 2001. These doses will enable assessment of the risks of radiation-induced heart disease experienced by Danish breast cancer survivors irradiated during 1977-2001, and contribute toward prediction of the future risks of heart disease. The study sponsors had no role in study design, in the collection, analysis and interpretation of data; in the writing of the manuscript; and in the decision to submit the paper for publication.
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